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The accumulation of �-amyloid protein (A�) in the
brain is thought to be a primary etiologic event in
Alzheimer’s disease (AD). Fibrillar A� plaques, a
hallmark of AD abnormality, are closely associated
with activated microglia. Activated microglia have
contradictory roles in the pathogenesis of AD, be-
ing either neuroprotective (by clearing harmful A�
and repairing damaged tissues) or neurotoxic (by
producing proinflammatory cytokines and reactive
oxygen species). A� aggregates can activate micro-
glia by interacting with multiple toll-like receptors
(TLRs), the pattern-recognition receptors of the in-
nate immune system. Because the adapter protein
MyD88 is essential for the downstream signaling of
all TLRs, except TLR3, we investigated the effects of
MyD88 deficiency (MyD88�/�) on A� accumulation
and microglial activation in an AD mouse model.
MyD88 deficiency decreased A� load and microglial
activation in the brain. The decrease in A� load in
an MyD88�/� AD mouse model was associated with
increased and decreased protein expression of apo-
lipoprotein E (apoE) and CX3CR1, respectively,
compared with that in an MyD88 wild-type AD
mouse model. These results suggest that MyD88 de-
ficiency may reduce A� load by enhancing the
phagocytic capability of microglia through frac-
talkine (the ligand of CX3CR1) signaling and by
promoting apoE-mediated clearance of A� from the
brain. These findings also suggest that chronic
inflammatory responses induced by A� accumula-
tion via the MyD88–dependent signaling pathway
exacerbate �-amyloidosis in AD. (Am J Pathol 2011, 179:
1095–1103; DOI: 10.1016/j.ajpath.2011.05.045)
Accumulation of aggregated �-amyloid protein (A�) in
the brain is postulated to be a causal event in the etiology
of Alzheimer’s disease (AD).1 Fibrillar A� deposits in the
brain are accompanied by activated microglia.2 Increas-
ing lines of evidence support the notion that activated
microglia play pivotal dual roles in AD progression: either
clearing A� deposits by phagocytosis and promoting
neuronal survival and plasticity or releasing cytotoxic
molecules and proinflammatory cytokines, exacerbating
A� load and neurodegeneration.3–5 Fibrillar A� can acti-
vate microglia through interaction with cell surface recep-
tor complexes, resulting in its phagocytosis and inflam-
matory responses. Some toll-like receptors (TLRs),
including TLR2, TLR4, and TLR6, have been shown to be
essential components of the receptor complexes for mi-
croglial activation by A�.6–8 TLRs are a class of pattern-
recognition receptors in the innate immune system. One
of the important roles of TLRs is to activate phagocytes/
microglia in response to insults, including pathogens and
damaged host cells, and to clear pathogens, damaged
tissues, and accumulated wastes. Stimulation of TLR4 by
lipopolysaccharide, a TLR4 ligand, has been repeatedly
demonstrated to activate microglia in the brain.4 Hip-
pocampal or intraperitoneal injection of lipopolysaccha-
ride in old AD mouse models decreased diffuse A�
plaques but not fibrillar A� plaques.9–12 Injection of CpG
oligodeoxynucleotide, a TLR9 ligand, reduced A� load in
the brain and restored cognitive deficits in an AD mouse
model.13,14 Furthermore, a functionally inactive mutation
in the TLR4 gene caused an increase in A� load in the
brain of an AD mouse model.15 These results suggest
that activation of TLRs can be a therapeutic option for AD.
On the other hand, repeated injections of lipopolysaccha-
ride induced premature fibrillar A� deposits in young AD
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mouse models16 and caused brain A� accumulation and
cognitive impairments in mice.17 The latter experiments
indicate that activation of TLR4 signaling is detrimental to
cognitive functions. At least 10 TLRs in humans and 12 in
mice have been reported.18 Except for TLR3, all TLRs
use myeloid differentiation primary response protein 88
(MyD88) as an adaptor, which is essential for the down-
stream signaling culminating in activation of transcription
factors. To investigate the roles of TLRs, particularly
MyD88-dependent signaling in the pathogenesis of AD,
we investigated �-amyloidosis and microglial activation
in an AD mouse model deficient for MyD88 (MyD88�/�).

Materials and Methods

Experimental Animals

A congenic C57BL/6 line of AD model mice, B6.Cg-
Tg(APPswe, PSEN1dE9) 85Dbo/J mice (APP mice), was
purchased from The Jackson Laboratory (Bar Harbor,
ME) and propagated by crossing transgenic males with
C57BL/6 females. APP mice express chimeric mouse/
human amyloid precursor protein (APP) with double mu-
tations (K670N and M671L) and human presenilin 1 with
a deletion of exon 9 found in patients with familial AD and
develop A� deposits.19 Genotyping for the APPswe/
PS1dE9 transgenes was performed using the PCR-based
method provided by The Jackson Laboratory. MyD88-
deficient (MyD88�/�) mice were obtained from Dr. Alan
Aderem, Institute for Systems Biology (Seattle, WA), and
were backcrossed to C57BL/6 mice more than 10 gen-
erations, and the genotyping for the MyD88 gene was
performed by PCR.20 All the mice used in this study were
C57BL/6 or congenic C57BL/6 mice. First, we produced
APP MyD88�/� (hemizygous) mice by mating APP mice
with MyD88�/� mice. Next, we mated APP MyD88�/�

with MyD88�/� mice. This mating had a small litter size
(�5 pups), and 4 of 150 live pups were APP MyD88�/�

mice. Thus, the birthrate of APP MyD88�/� mice of 2.7%
was far lower than the expected rate of 25%. All the
surviving APP MyD88�/� mice, however, seemed to be
normal by appearance and were fertile. When APP
MyD88�/� mice were mated with MyD88�/� mice, the
birthrate of APP MyD88�/� mice was approximately 25%
(half of the expected birthrate). This mating strategy was

Table 1. Body Weight and Number of Mice Used for Each Analy

APP MyD88�/�

mice

Male Female

Body weight, mean � SEM (g) 32.6 � 2.3
Morphometry 0 6
A� ELISA 6 0
Immunoblot 6 0
qPCR (5 months old)
qPCR (9 months old)

*Unremarkable.
†Indiscernible.
qPCR, quantitative PCR.
used to produce APP MyD88�/� and MyD88�/� mice. In
this study, four experimental groups of 10-month-old
mice that differed in the MyD88 genotype and the
APPswe/PS1dE9 transgenes were used: i) APP
MyD88�/�, ii) APP, iii) MyD88�/�, and iv) control C57BL/6
(WT) mice. The number of mice used in this study is given
in Table 1 for sex, genotype group, and specific analysis.
The mice were housed in group cages with bedding and
were maintained on a 12-hour light/12-hour dark cycle
(on at 6 AM) under a specific pathogen-free condition with
access to autoclaved food (NIH-31 formula) and water ad
libitum. All the animal protocols used for this study were
prospectively reviewed and approved by the Institutional
Animal Care and Use Committee of the University of
Illinois College of Medicine at Peoria.

Brain Tissue Lysate Preparation

The mice were sacrificed by lethal injection of pentobar-
bital, and the brains were quickly removed and pro-
cessed for enzyme-linked immunosorbent assay (ELISA)
and immunoblot analyses. The brain tissues were lysed
using the Bio-Plex cell lysis kit (Bio-Rad, Hercules, CA).
Briefly, the tissue was rinsed with the cell wash buffer and
was cut into 3 � 3-mm pieces. The sample was trans-
ferred to a dounce homogenizer on ice and was homog-
enized in the lysis buffer containing proteinase inhibitors.
Then, the sample was sonicated on ice for 30 seconds
and was centrifuged at 10,000 � g for 30 minutes at 4°C.
The supernatant was collected for ELISA and immunoblot-
ting as buffer-extractable proteins. Protein concentrations
of the samples were determined by protein assay (Bio-
Rad). The pellets were further dounce homogenized in gua-
nidine hydrochloride (final concentration, 5 mol/L) and then
were rock-shaken for 3 to 4 hours at room temperature. The
solubilized pellets were used for determination of buffer-
unextractable A� concentration by ELISA.

A� ELISA

After solubilization of brain tissues as described previously
herein, tissue samples were further diluted with PBS at var-
ious concentrations. Levels of buffer-extractable and buffer-
unextractable A� in the cerebrum were determined by us-
ing the A�42 and A�40 ELISA kits (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Levels of

P mice MyD88�/� mice WT mice

Female Male Female Male Female

.0 � 2.4 32.4 � 2.4 31.9 � 1.4
6 0 2* 0 2*
0 2† 0 2† 0
0 0 0 0 0
2 1 2
1 2 2
sis

AP

Male

33
0
6
6
3
4

buffer-extractable A� are expressed as mean � SE pico-
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grams per milligram of total protein in tissue lysate. Levels of
buffer-unextractable A� are expressed as mean � SE
nanograms per milligram of wet tissue weight.

Immunoblotting and Densitometric Analysis

Immunoblot analysis was used to quantify levels of APP, the
99–amino acid C-terminal fragment of APP (C99), �-site
APP-cleaving enzyme (BACE1), apolipoprotein E (apoE),
insulin-degrading enzyme (IDE), neprilysin (NEP), and
chemokine (C-X3-C motif) receptor 1 (CX3CR1) in buffer-
extractable proteins prepared from the cerebrum as de-
scribed previously herein. Thirty micrograms of total protein
from each sample were applied to 10% to 20% Tris-HCl
gradient SDS-PAGE and were electrotransferred to poly-
vinylidine difluoride membranes (Millipore, Bedford, MA).
The membranes were blocked by PBS containing 5%
nonfat dried milk (w/v), 0.02% sodium azide, and 0.02%
Tween 20 for 1 hour at room temperature; were incubated
at 4°C overnight with the primary antibodies 6E10 (Signet
Laboratories, Dedham, MA) for APP and C99, BACE1
(Clone 137612; R&D Systems, Minneapolis, MN), anti-
NEP (Millipore, Billerica, MA), anti-IDE (PC730; EMD Bio-
sciences, Gibbstown, NJ), apoE antibody (Meridian Life
Science, Saco, ME), and CX3CR1 (Santa Cruz Biotech-
nology, Santa Cruz, CA); and were visualized by the
Western Lighting chemiluminescence reagent plus
(PerkinElmer, Boston, MA) according to the manufactur-
er’s protocol. The membranes were reprobed with mono-
clonal antibody against glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Chemicon, Temecula, CA). The
ODs of protein bands from the membranes were deter-
mined by densitometric scanning using an HP Scanjet
G3010 photo scanner (Hewlett-Packard Co., Palo Alto,
CA) and ImageJ V1.40 (National Institutes of Health, Be-
thesda, MD). The OD of each protein band was divided
by that of the GAPDH band on the same lane from the
same membrane for normalization.

Neuropathologic Assessment

The mice were deeply anesthetized and perfused tran-
scardinally with PBS followed by 4% paraformaldehyde.
The brains were removed and postfixed in the perfusate
for 16 hours. The brains were then stored overnight in
30% sucrose in 0.1 mol/L PBS and frozen in Tissue-Tek
(Sakura Finetek, Torrance, CA) optimal cutting tempera-
ture compound. Coronal sections (35 �m thick) of the
brains were cut on a freezing-stage cryotome and were
kept in 0.1 mol/L PBS with 0.05% sodium azide at 4°C.
Sections were subjected to immunohistochemical and
histochemical staining. Free-floating immunohistochemi-
cal staining was performed using the avidin-biotin immu-
noperoxidase method (Vector Laboratories, Burlingame,
CA). Endogenous peroxidase was eliminated by treat-
ment with 1% H2O2/10% methanol Tris-buffered saline
(TBS) for 60 minutes at room temperature. After washing
with 0.1 mol/L Tris buffer (pH 7.5) and 0.1 mol/L TBS (pH
7.4), sections were blocked with 5% normal serum (from
the same animal species in which the secondary anti-

body was made) in 0.1 mol/L TBS with 0.5% Triton X-100
(Roche Diagnostics GmbH, Mannheim, Germany) for 60
minutes at room temperature to prevent nonspecific pro-
tein binding. The sections were then incubated with pri-
mary antibody 6E10 (1:2000), glial fibrillary acidic protein
(GFAP; 1:1000), CD11b (1:200) or CD45 (1:100) in 2%
bovine serum albumin, and 2% serum in TBS with 0.5%
Triton X-100 for 18 to 48 hours at 4°C. The sections were
rinsed in 0.1 mol/L TBS and were incubated with biotin-
ylated secondary antibody anti-mouse IgG (1:1000) for
6E10, anti-rat IgG (1:300) for CD11b, anti-rat IgG (1:100)
for CD45, or anti-rabbit IgG (1:1000) for GFAP in 2%
serum TBS with 0.5% Triton X-100 for 2 hours at room
temperature. Finally, the avidin-biotin peroxidase method
using 3,3=-diaminobenzidine as a substrate (Vector Lab-
oratories) was performed according to the manufactur-
er’s protocol. For the negative control, slides were pro-
cessed without primary antibody. Some sections were
counterstained with hematoxylin. For thioflavin S staining,
tissue sections were stained in 1% thioflavin S (Sigma-
Aldrich, St. Louis, MO) and were rinsed with 70% ethanol.
After washing with H2O, the sections were mounted in
75% glycerol in H2O.

Morphometry

Histomorphometry for quantification of amyloid deposits,
activated microglia, and reactive astrocytes was per-
formed using an Olympus BX61 automated microscope,
the Olympus FluoView system (both from Olympus, Cen-
ter Valley, PA), and Image-Pro Plus v4 image analysis
software (Media Cybernetics, Bethesda, MD) capable of
color segmentation and automation via programmable
macros. Four coronal brain sections from each mouse
were analyzed, each section separated by an approxi-
mately 500-�m interval, starting 1.3 mm posterior to the
bregma to caudal. The neocortex and the hippocampus
were found in all the brain sections and were analyzed
separately. The stained area was expressed as a per-
centage of the total area.

BV-2 Cell Culture and A� Uptake and
Degradation Assay

A mouse cell line of microglia, BV-2 (a gift from Dr. Mi-
chael McKinney), was maintained in Dulbecco’s minimal
essential medium supplemented with 10% FBS, 2 mmol/L
L-glutamine, 100 U/mL of penicillin, and 100 �g/mL of
streptomycin in 5% CO2 atmosphere at 37°C. BV-2 cells
were inoculated at a concentration of 1.1 � 105 cells/1.5
mL/well into Falcon multiwell 6-well plates (Becton Dick-
inson, Franklin Lakes, NJ). The BV-2 cultures were
treated with 0.5 �mol/L monomeric A�42 (EZBiolab, Car-
mel, IN) in the presence or absence of anti-apoE anti-
body (6 nmol/L) (Novus Biologicals, Littleton, CO) for 1
and 3 hours. As a control, an isotype control antibody
(Sigma-Aldrich) was also used. A�42 levels in the cell
lysates and media were determined by immunoblotting
by 6E10 antibody. Briefly, cells were washed with PBS
and were incubated in PBS containing 10 �g/mL trypsin

on ice for 20 minutes. Trypsin was inactivated by the addi-



1098 Lim et al
AJP September 2011, Vol. 179, No. 3
tion of 100 �g/mL of soybean trypsin inhibitor. After washing
with PBS twice, the cells were lysed in 2� Laemmli buffer
with protease inhibitors. Protein concentrations of cell ly-
sates were determined by Bio-Rad protein assay. The cell
lysates and media were subjected to immunoblotting fol-
lowed by densitometric analysis as described previously
herein except that the OD of each A� band from the me-
dium was normalized by the total protein amount in the
culture. Three independent experiments were performed.

Quantification of MyD88 mRNA by Real-Time PCR

The cerebra were isolated and soaked in RNAlater tissue
collection: RNA stabilization solution (Ambion, Austin, TX)
at 4°C overnight and then were stored at �80°C. These
tissues were homogenized in TRIzol reagent (Invitrogen) for
isolation of RNA. RNA samples were treated with RNase-
free DNase (Qiagen, Valencia, CA) for 15 minutes at room
temperature, and total RNA was purified using Qiagen
RNeasy columns. cDNA was generated from 2 �g of total
RNA in a total volume of 20 �L using a SuperScript III
first-strand synthesis kit (Invitrogen) according to the man-
ufacturer’s protocol. MyD88 mRNA levels were deter-
mined by real-time PCR using an iCycler thermal cycler
(Bio-Rad). cDNA was amplified using FastStart SYBR
Green master mix (Roche Applied Science, Indianapolis,
IN) with forward primer (5=-AAGTCTAGGAAGGCCC-
CAAA-3=) and reverse primer (5=-CTGGGGAGAAAA-
CAGCTGAG-3=). The PCR amplifications were performed
as follows: 10 minutes of preincubation at 95°C to acti-
vate the FastStart Taq DNA polymerase (Roche Applied
Science), 40 cycles of denaturation at 95°C for 15 sec-
onds, and primer annealing and extension for 1 minute at
60°C. PCR product melting curves were examined to con-
firm the homogeneity of PCR products. MyD88 mRNA levels
were normalized by subtracting CT values obtained with
GAPDH mRNA using forward primer (5=-CCCACTCTTC-
CACCTTCGAT-3=) and reverse primer (5=-CCACCACCCT-
GTTGCTGTAG-3=) and expressed as 2��CT [�CT � CT

(cytokine or chemokine) – CT (GAPDH)].

Statistics

Data are expressed as mean � SE. Intergroup differences
were assessed by analysis of variance and two-tailed Stu-
dent’s t-tests. P � 0.05 was considered significant.

Results

MyD88 Deficiency Decreases A� Deposits and
Buffer-Extractable A� in the Cerebrum of an AD
Mouse Model

To determine whether MyD88 deficiency affects A� ab-
normalities in AD mouse models, we evaluated A� de-
posits in APP MyD88�/� and APP mice at 10 months of
age. Diffuse and fibrillar A� deposits in the brain were
detected by immunohistochemical staining using 6E10
antibody (Figure 1, A, C, and E). A� loads are indicated

by mean percentages of areas showing A� immunoreac-
tivity in the brain. The mean � SEM A� load in the neo-
cortex (0.44% � 0.07%) and hippocampus (0.30 �
0.05%) of APP MyD88�/� mice (n � 6) was less than that
in the neocortex (0.85% � 0.07%; P � 0.01) and hip-
pocampus (0.54% � 0.04%; P � 0.001) of APP mice (n �
6). Fibrillar A� deposits were visualized by thioflavin S
fluorescence (Figure 1, B, D, and F). The mean � SEM
A� load in APP MyD88�/� mice (0.19% � 0.03% for the
neocortex and 0.15% � 0.02% for the hippocampus; n �
6) was less than that in APP mice (0.30% � 0.04% for the
neocortex and 0.23% � 0.03% for the hippocampus; P �
0.05 for both; n � 6). Thus, levels of diffuse and fibrillar
A� deposits decreased in APP MyD88�/� mice. Soluble

Figure 1. Detection of diffuse and fibrillar A� deposits by anti-A� antibody
and thioflavin S and quantification of buffer-extractable and buffer-unextract-
able A� by ELISA in APP MyD88�/� and APP mice. A� deposits in the brain
are visualized by immunohistochemical staining using 6E10 antibody in APP
MyD88�/� (A) and APP (C) mice. Percentages of areas showing A� immu-
noreactivity measured by morphometry in the hippocampus and neocortex
(E) are shown. Fibrillar A� deposits in the brain are visualized by thioflavin
S fluorescence in APP MyD88�/� (B) and APP (D) mice. Percentages of areas
showing fluorescence measured by morphometry in the hippocampus and
neocortex (F) are shown. In the neocortex and hippocampus, the A� load in
APP MyD88�/� mice is significantly less than that in APP mice. Quantifica-
tion of buffer-extractable (G) and buffer-unextractable (H) A� in the cere-
brum of APP MyD88�/� and APP mice at 10 months of age. Levels of
buffer-extractable and buffer-unextractable A�40 and A�42 were determined
by ELISA. The data shown are the mean � SEM of n � 6 for each group
(E–H). **P � 0.05, ***P � 0.01, ****P � 0.001. Scale bars � 1 mm.
oligomeric A� species have been identified as synapto-
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toxic and neurotoxic forms of A� rather than insoluble
amyloid fibrils.21–23 Therefore, we determined the
amounts of buffer-extractable and buffer-unextractable
A� in the cerebrum by the A�40- and A�42-specific
ELISA (Figure 1, G and H). On average, the buffer ex-
tractable A�40 and A�42 content in APP MyD88�/� mice
(mean � SEM: 9.9 � 1.21 and 15.90 � 3.42 pg/mg
protein, respectively) reduced approximately 40% to
50% of those in APP mice (mean � SEM: 15.42 � 2.12
and 28.14 � 4.20 pg/mg protein, respectively; n � 6; P �
0.05 for both measures). The mean � SEM cerebral buf-
fer-unextractable A�40 and A�42 levels in APP
MyD88�/� mice (2.69 � 0.50 and 8.40 � 0.37 ng/mg wet
tissue, respectively; n � 6) were less than those in APP
mice (4.55 � 0.67 and 10.75 � 0.88 ng/mg wet tissue,
respectively; n � 6; P � 0.05 for both measures).

MyD88 Deficiency Does Not Influence Steady
State Levels of APP, a Proteolytic C-Terminal
Fragment of APP, BACE1, NEP, or IDE in an AD
Mouse Model

To determine whether MyD88 deficiency alters the ex-
pression levels of APP and its proteolysis, cerebral ho-
mogenates of APP MyD88�/� and APP mice were sub-
jected to immunoblotting followed by densitometric
analysis. No significant differences were found in the
steady state levels of APP and the �-secretase cleavage
product C99 in the brain between the two groups (Figure
2, A and B). Because decreased levels of A� deposits in
the brain of an AD mouse model deficient for the tumor
necrosis factor type 1 death receptor or interferon-� re-
ceptor type I were associated with decreased expression
levels of BACE1,24,25 and because MyD88 deficiency
may alter expression levels of these cytokines, BACE1
levels were also determined by immunoblotting (Figure
2A). No significant difference was observed in the levels
of BACE1 between the two groups (Figure 2B). IDE and
NEP have been described as A�-degrading enzymes in the
brain and are thought to be involved in clearing A� from the
brain.26,27 To investigate whether the decreased levels of
A� load in APP MyD88�/� mice are associated with in-
creased levels of IDE and NEP expression, steady state
levels of these enzymes were determined by immunoblot
analysis (Figure 2, C and E). There were no differences in
the expression levels of IDE and NEP in the cerebrum be-
tween APP MyD88�/� and APP mice (Figure 2, D and F).

MyD88 Deficiency Decreases CX3CR1 and
Increases ApoE Expression in the Brain of an
AD Mouse Model

The chemokine receptor for fractalkine (CX3CL1), CX3CR1,
is expressed in microglia and plays an important role in the
recruitment of microglia to sites of inflammation and in mi-
croglia-mediated neurotoxicity. Recently, CX3CR1 defi-
ciency has been shown to be associated with increased
phagocytic ability of microglia and decreased A� load in

the brains of AD mouse models.28,29 Therefore, we deter-
mined the expression levels of CX3CR1 in the cerebrum of
APP MyD88�/� and APP mice by immunoblot analysis (Fig-
ure 2G). There was decreased expression of CX3CR1 in
APP MyD88�/� mice compared with in APP mice (P �
0.003; n � 6 for each group) (Figure 2H).

ApoE has been shown to facilitate clearance of soluble A�
from the brain.30,31 Therefore, steady state levels of apoE were
determined by immunoblot analysis (Figure 2I). Expression
levels of apoE were higher in APP MyD88�/� mice than in APP
mice (P � 0.01; n � 6 for each group) (Figure 2J).

Decreased A� Load in APP MyD88�/� Mice
Is Accompanied by Decreased Levels
of Markers for Astrocytes and
Microglia/Macrophages

Activated microglia and reactive astrocytes are closely

Figure 2. Steady state levels of APP, C99, BACE1, IDE, NEP, CX3CR1, and
apoE in APP MyD88�/� and APP mice. A: Representative immunoblots of
APP, C99, BACE1, and GAPDH in buffer-extractable tissue lysates prepared
from the cerebrum of APP MyD88�/� and APP mice determined by 6E10
antibody for APP and C99, BASE1 antibody, and GAPDH antibody, respec-
tively. Representative immunoblots of IDE and GAPDH (C), NEP and
GAPDH (E), CX3CR1 and GAPDH (G), and apoE and GAPDH (I) in the
buffer-extractable tissue lysates. The molecular weights of proteins are indi-
cated on the right in each immunoblot. The bar graphs represent densito-
metric quantification of each protein indicated after normalization with
GAPDH (B, D, F, H, and J). There are no differences in APP, BACE1, C99,
IDE, and NEP levels between APP MyD88�/� (n � 6) and APP (n � 6) mice.
Decreased CX3CR1 expression and increased apoE expression in the brains
of APP MyD88�/� mice (n � 6) are shown compared with in APP mice
(n � 6). The data shown are the mean � SE. **P � 0.003, ***P � 0.01.
associated with fibrillar A� deposits in AD mouse models
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and patients with AD.2,32 GFAP and CD11b (Mac-1) are
widely used as markers for reactive astrocytes and acti-
vated microglia, respectively, and a common leukocyte
antigen, CD45, is a marker to detect activated microglia
and monocytes/macrophages that potentially invade the
brain. These markers were used to study the effect of
MyD88 deficiency on activation of astrocytes and micro-
glia by amyloid plaques in an AD mouse model. Reactive
astrocytes in the neocortex and hippocampus of APP
MyD88�/� and APP mice were detected by immunohis-
tochemical staining using anti-GFAP antibody (Figure 3,
A and D). Morphometric analysis indicated that the hip-
pocampus and neocortex had a lesser degree of astro-
cytosis in APP MyD88�/� mice (mean � SEM: 8.0% �
1.2% and 12.0% � 1.3%, respectively) than in APP mice
(mean � SEM: 14.0% � 1.3%, P � 0.05 and 16.4% �
1.5%, P � 0.05, respectively) (Figure 3G). Brain sections
from APP MyD88�/� and APP mice were immunostained
with anti-CD45 antibody (Figure 3, B and E). The mean �
SEM CD45 immunoreactivity of the hippocampus and
neocortex in APP MyD88�/� mice (0.41% � 0.07% and
0.69% � 0.11%, respectively) was less than that in APP
mice (0.62% � 0.02%, P � 0.02 and 1.2% � 0.17%, P �
0.03, respectively) (Figure 3H). Morphometric analysis of
the CD11b-stained brain sections (Figure 3, C and F)
revealed that the hippocampus (mean � SEM: 0.15% �
0.02%) of APP MyD88�/� mice had less microglial immu-
noreactivity than did that of APP mice (mean � SEM:
0.306% � 0.05%; P � 0.02) (Figure 3I). Mean � SEM
microglial immunoreactivity for CD11b in the neocortex of
APP MyD88�/� mice (0.19% � 0.03%) was reduced
compared with that in APP mice (0.28% � 0.07%), but
this did not reach statistical significance (Figure 3I).

Anti-ApoE Antibody Inhibits A� Degradation but
Not A� Uptake by BV-2 Microglial Cells

Because decreased A� load in APP MyD88�/� mice was
accompanied by increased apoE levels and because

G

APP MyD88-/-

D

H

BA

E
APP

54DCPAFG

**
**

**

**
apoE has been shown to enhance A� clearance by mi-
croglia,33 we investigated the role of apoE in A� uptake
and degradation by a microglial cell line, BV-2. BV-2 cells
were incubated with monomeric A�42 (0.5 �mol/L) in the
presence and absence of anti-apoE antibody (6 nmol/L).
As a control, BV-2 cells were treated with an isotype
control antibody also. One and 3 hours after incubation,
A� uptake and degradation by BV-2 cells were quantified
by immunoblot analysis of the culture media and cell
lysates. There were no differences in the A� contents in
the culture media among the three groups after 1 and 3
hours of incubation (see Supplemental Figure S1A at
http://ajp.amjpathol.org). The A� contents in the apoE an-
tibody-treated cell lysates were greater than those in the
control lysates after 3 hours of incubation (P � 0.01) (see
Supplemental Figure S1B at http://ajp.amjpathol.org).
These results suggest that deprivation of apoE by its
antibody inhibits degradation of A� but does not have
any effect on A� uptake by microglia.

MyD88 Expression Decreases during Aging

Elderly humans and aged mice are more susceptible to
pneumonia, which can be attributable to decreases in
TLR1, TLR2, and TLR4 levels in the lung.34 Alterations
in expression levels of multiple TLRs in the mouse brain
during aging have also been reported.35 Changes in
MyD88 expression levels during aging may contribute to
A� load in the brain. Therefore, we determined expres-
sion levels of cerebral MyD88 in 5- and 9-month-old APP
(n � 5 for both ages) and WT (n � 3 and 4, respectively)
mice. MyD88 mRNA levels at 9 months were lower than
those at 5 months in APP mice (P � 0.050). On aver-
age, MyD88 mRNA levels at 9 months were lower than
those at 5 months in WT mice, but the difference was
not significant (P � 0.067) probably owing to the small
sample sizes or large variations. Thus, expression lev-
els of cerebral MyD88 seemed to decrease during

b11DC

**

Figure 3. Reduced expression of microglial
markers and reactive astrocytes in APP
MyD88�/� mice. The frozen sections of cerebral
cortices from APP MyD88�/� (A–C) and APP
(D–F) mice were stained with anti-GFAP (A and
D), anti-CD45 (B and E), and anti-CD11b anti-
body (C and F). Scale bars � 200 �m. G–I: Mean
� SEM percentages of areas showing fluores-
cence measured by morphometry in the hip-
pocampus and neocortex. The GFAP (G) and
CD45 (H) immunoreactivity of the hippocampus
and neocortex in APP MyD88�/� mice (n � 6) is
less than that in APP mice (n � 6). The hip-
pocampus of APP MyD88�/� mice (n � 6) had
significantly less CD11b immunoreactivity than
that of APP mice (n � 6) (I), but the difference
in CD11b immunoreactivity in the neocortex did
not reach statistical significance. *P � 0.03, **P �
0.05.
I

C

F

aging in mice.
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Discussion

The present study presents new insights into the role of
MyD88 signaling pathway in the pathogenesis of AD. We
demonstrate that MyD88 deficiency decreased A� load
and microglial activation in the brain and that the de-
crease in A� load was accompanied by decreased
CX3CR1 expression and increased apoE expression.
These results suggest that recognition of A� deposits by
TLRs induces inflammatory responses through the
MyD88 signaling pathway, contributing to exacerbation
of �-amyloidosis, and that a blockade of MyD88 signaling
slows the progression of AD abnormalities.

The birthrate of APP MyD88�/� mice was less than half
of the expected rate. Thus, embryonic lethality seemed to
increase in APP MyD88�/� mice. The reasons for the
decreased birthrate are not clear. Aberrant activation of
TLR signaling during embryonic stages can produce im-
balances in fetal brain cytokines, resulting in abnormal
brain development,36 and soluble A� oligomers can in-
duce inflammatory responses in the brain.37 Such imbal-
ances in cytokines may cause developmental abnormal-
ities in the brains of APP MyD88�/� mice, leading to the
decreased birthrate. In addition, the presenilin 1 exon 9
deletion associated with AD sensitizes neuroblastoma
cells to hyperosmotic stress–induced apoptosis, and
MyD88�/� mice show enhanced epithelial cell apoptosis
after lung injury.33,38 Such a combination may also con-
tribute to the increased embryonic lethality. Although APP
and MyD88�/� mice were backcrossed to C57BL/6 mice
more than 10 generations, it is possible that subtle differ-
ences in the genetic background may have an effect on
their birthrate. Although an increase in premature sudden
death has been reported in APP (APPswe/PS1dE9) mice
and is proposed to be caused by epileptic seizures,39

there was no difference in the survival rate between APP
and APP MyD88�/� mice after birth. We performed
pathologic, bacteriologic, serologic, and parasitologic
examinations on APP MyD88�/� mice at 6 weeks of age.
Gross observations and microscopic diagnoses found
that brain, liver, lung, heart, kidneys, stomach, small in-
testine, large intestine, reproductive organs, and urinary
bladder findings were within normal limits, and no infec-
tion was found by these examinations (data not shown).
We, however, cannot exclude the possibility that subtle de-
velopmental differences between the two groups contrib-
uted to a decrease in A� load in APP MyD88�/� mice. Adult
hippocampal neurogenesis is increased in MyD88�/� mice
and decreased in APP mice.40,41 Such a difference in neu-
rogenesis may also affect A� load in the brain.

The molecular mechanism by which MyD88 deficiency
reduces A� load in an AD mouse model is not clear.
During the preparation of this article, Hao et al42 reported
that bone marrow cells derived from MyD88�/� mice had
an enhancement of A� phagocytosis and that transplan-
tation of MyD88�/� bone marrow cells into an AD mouse
model decreased A� load in the brain. Therefore, A�
clearance by microglia/macrophages may be enhanced
in APP MyD88�/� mice, resulting in a decrease in the
cerebral A� load. In line with this view, CX3CR1 defi-

ciency was shown to enhance the phagocytic capacity of
microglia and give rise to a gene dose-dependent reduc-
tion in A� deposition in AD mouse models.28,29 Thus, the
decreased protein levels of CX3CR1 in APP MyD88�/�

mice may accelerate A� removal by microglia.
ApoE has been identified as the most prominent ge-

netic risk factor for the development of late-onset AD.43

Although the precise mechanism by which the �4 allele of
apoE increases the risk of AD remains to be elucidated,
lipidated apoE enhanced A� degradation by IDE and NEP
and reduced brain A� load in an AD mouse model.31 We
also showed that A� degradation by BV-2 microglial cells
was inhibited by deprivation of apoE by its antibody. There-
fore, the increased levels of apoE in APP MyD88�/� mice
may contribute to a decrease in A� load.

We previously demonstrated that B6C3 APPswe/
PS1dE9 mice with nonfunctional TLR4 due to the muta-
tion in the TLR4 gene (TLR4M) had increases in buffer-
extractable and buffer-unextractable A� and amyloid
deposits in the brain at 14 to 16 months of age compared
with B6C3 APPswe/PS1dE9 mice with functional TLR4.15

In addition, we and others found that activation of TLR2,
TLR4, or TLR9 increased uptake of A� by cultured mi-
croglial cells.15,44,45 Activation of TLR9 by CpG oligode-
oxynucleotides reduced soluble A� oligomer levels and
amyloid deposits in the brain of an AD mouse model.13,14

Therefore, we expected an increase in A� load in APP
MyD88�/� mice. Contrary to our prediction, APP
MyD88�/� mice had less A� load than did APP mice at
10 months of age. Richard et al45 also found that
APPswe/PS1dE9 mice deficient for TLR2 (TLR2�/�) had
decreased levels of A� deposits at 3 and 6 months of age
compared with TLR2 wild-type APPswe/PS1dE9 mice,
but the difference in A� deposits was not discernible at 9
months of age. To explain the increase in A� load in
TLR4M APPswe/PS1dE9 mice and the decrease in
TLR2�/� APPswe/PS1dE9 mice, Reed-Geaghan et al8

proposed that during the early stages of AD, TLR-inde-
pendent A� clearance mechanisms were effective in re-
moving A� from the brain, and, potentially, the absence
of TLR-mediated inflammation made these processes
more efficient. According to their hypothesis, decreased
A� load in the brains of APP MyD88�/� mice can be due
to a lack of MyD88 signaling throughout life. They also
argued that over time, the rate of A� production over-
whelmed these processes and the lack of TLRs en-
hanced A� deposition. In line with this concept, MyD88
expression seemed to decrease during aging. However,
there are important discrepancies between our APP
MyD88�/� and TLR2�/� APPswe/PS1dE9 mice. Levels of
A�-immunoreactive deposits were similar between
TLR2�/� and TLR2�/� APPswe/PS1dE9 mice at 9 months
of age, whereas levels of A�-immunoreactive deposits
decreased in APP MyD88�/� mice at 10 months com-
pared with in APP mice. Furthermore, TLR2�/� APPswe/
PS1dE9 mice had increased levels of soluble A�42 com-
pared with TLR2�/� APPswe/PS1dE9 mice, whereas APP
MyD88�/� mice seemed to have decreased levels of
buffer-extractable A�40 and A�42 at 10 months. We find
difficulty in explaining these discrepancies solely by the
hypothesis set by Reed-Geaghan et al.8 Activation of

most TLRs by TLR ligands leads to transcriptional ex-
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pression of inflammatory mediators, such as cytokines
and reactive oxygen species. MyD88 is essential for the
downstream signaling of all TLRs, except TLR3. How-
ever, depending on the TLRs and cell types, distinct
genes are up-regulated, resulting in differences in gene
expression profiles. In addition, microorganisms and tis-
sue injuries activate multiple TLRs and other pattern-
recognition receptors, further diversifying the expression
profiles.18 Therefore, activation and inactivation of innate
immune responses by targeting a single TLR is most
likely to induce inflammatory responses different from
targeting multiple TLRs, resulting in distinctive pheno-
typic manifestations in AD mouse models. The findings
herein signify the importance of comprehensive ap-
proaches in delineating the network regulation of inflam-
matory responses involved in slowing and accelerating
the progression of AD.
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